This work develops a new model for calculating the thermal conductivity of polycrystalline silicon using an effective medium approach which discretizes the contribution to thermal conductivity into that of the grain and grain boundary regions. While the Boltzmann transport equation under the relaxation time approximation is used to model the grain thermal conductivity, a lower limit thermal conductivity model for disordered layers is applied in order to more accurately treat phonon scattering in the grain boundary regions, which simultaneously removes the need for fitting parameters frequently used in the traditional formation of grain boundary scattering times. The contributions of the grain and grain boundary regions are then combined using an effective medium approach to compute the total thermal conductivity. The model is compared to experimental data from literature for both undoped and doped polycrystalline silicon films. In both cases, the new model captures the correct temperature dependent trend and demonstrates good agreement with experimental thermal conductivity data from 20 to 300K.
mulation in order to gain the best agreement with experimental data, where multiple fitting parameters may be used in a single thermal conductivity calculation, and accurate characterization or estimation of geometrical features (i.e., grain size, film thickness, grain boundary roughness) are required. In the case of grain boundaries, the scattering time is often modeled using an approximate formation of the boundary scattering term derived by Ziman [14] (see Section 4, Eq. 12), which requires knowledge of grain boundary roughness and the probability of phonon transmission through the grain boundary region. Both factors are difficult to quantify and are often left to the best judgement of the modeler or left as fitting parameters. While grain boundaries are often modeled using a boundary scattering term, grain boundaries are not infinitesimally thin boundaries, but have a variety of microstructural features, extending over a finite thickness, which may act as sites for more than one type of scattering mechanism [15] . For example, phonon scattering in undoped polysilicon grain boundaries depends on several factors including: the orientation of adjacent crystals at the boundary, the probability of phonon transmission through the grain boundary, the geometric extent of the boundary region, the concentration of defects near the boundary, and geometric parameters such as the grain diameter and root-mean-squared roughness [1, 15] . Additionally, the presence of dopants can complicate the description because n-type dopants tend to segregate and migrate to the grain boundary regions thereby contributing to local disorder and, in turn, phonon scattering [16] . Accurate characterization of the grain geometry, including the length over which scattering mechanisms associated with the grain boundary persist, is therefore critical for more accurate descriptions of grain boundary scattering and its contribution to polysilicon thermal conductivity.
In this study, a new approach to modeling grain boundary scattering in polysilicon is presented and subsequently applied to the calculation of thermal conductivity. The methodology makes use of an effective medium approach which discretizes the total thermal conductivity into the contributions of the intra-grain region and the inter-grain (boundary) regions. This framework, outlined in Fig. 1 , utilizes the existing BTE approach for modeling thermal conductivity under the RTA, but also allows alternative methods for calculating the scattering contributions at grain boundaries to be used. Several benefits are afforded when using such an approach. These are best demonstrated by examining the relevant length scales associated with grain boundaries in polysilicon along with the information available through current microstructural characterization techniques.
Traditionally, an interface is conceptualized as an infinitesimally thin geometric plane. However, there is an obvious discrepancy between physical grain boundaries and this strict geometric definition, as it has been shown that grain boundary regions have both a finite length and varying roughness [15] . On the nanometer and sub-nanometer length scales, grain boundary regions can be individually characterized using high reso- lution techniques such as transmission electron, scanning electron, atomic force, and scanning probe microscopy [3, 17] . While these tools provide information about an individual grain and boundary regions at a lower length limit, these regions can be strikingly unique and non-homogenous between even neighbouring grains. In describing broader properties, such as thermal conductivity, this local information is of limited use unless a large ensemble is examined which is representative of the sample.
More useful information for calculating thermal conductivity often comes from sampling a large number of grains on the length scale of microns, providing a statistical sample of grain size which is often averaged and used in the calculation of thermophysical properties. However, if the thickness of the grain boundaries is much smaller than the average grain diameter, very little information about the geometric features of grain boundary regions or any average grain boundary microstructure can be captured.
In this study, we propose using characterization tools between the limits previously described in order to provide a statistically significant sample of the average length over which grain boundary regions persists. As a result, this approach is capable of utilizing additional information from characterization of grain boundaries between the limits where grain boundaries are examined individually (high magnification) and where they appear too small for their geometry and thus thickness to be resolved (low magnification). For example, the contrast of grain boundaries in scanning electron microscope images is directly associated with the microstructure being imaged. Therefore, as seen in the example in Fig. 2 , the inter-grain distance can be approximated from characterization images which serves as a proxy for the extent over which disorder exists (i.e, the distance over which scattering mechanisms located near and at the grain boundary impact phonon transport). In practice, the average inter-grain distance can be approximated using a variation of the line-intercept method [18] for which a schematic is shown in Fig. 3 . This example shows the distinction between segments along the dashed 
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Inter-grain Region line extending over grains and the inter-grain region. Given a large sample of grains (i.e., >50), such as in Fig. 2 , a series of randomly oriented lines may be superimposed over the image, allowing a distribution of inter-grain region lengths to be formed and a mean value assessed. By combining this added characterization information about the geometric extent of grain boundaries with the broader effective medium approach, the benefits and flexibility of the former BTE models can still be used, while the added information available through characterization techniques can also be included. This method provides additional physical insight and a more accurate geometric framework for modeling the effects of grain boundary scattering.
Subsequent sections will discuss each model component and the model will be compared to the experimental data presented by Uma et al. [6] and McConnell et al. [5] , which was chosen for comparison due to the level of detail these groups provide in presenting their sample fabrication, characterization, and modeling techniques. This allows the new model to be compared to both the modeling technique used in each prior study as well as a subset of their experimental data.
EFFECTIVE MEDIUM APPROACH
An effective medium approach has been used successfully to describe a number of polycrystalline materials [19, 20] . The effective medium approach provides a formalism to break down the contributions of thermal conductivity into that of the intraand inter-grain regions. As a result, each constituent scattering mechanism can be treated within its own framework, allowing alternative methods to the BTE to be easily integrated into the analysis, including the geometric extent over which certain scattering mechanisms exist. Furthermore, this approach is developed assuming averaged and isotropic properties.
Initially, our effective medium approach begins with the definition for Fourier's law in one dimension,
where dT /dx is the spacial gradient of T with respect to x. The dT /dx term can subsequently be divided into a summation of terms
where for a polycrystalline material such as polysilicon, we define a two-part summation
where ∆T 0 is the temperature drop across a grain and ∆T gb is the temperature drop across a grain boundary region. Each temperature term can be geometrically defined as follows
and
where d is the grain diameter, k 0 is the intra-grain thermal conductivity, d gb is the average inter-grain region length, and k gb is the inter-grain thermal conductivity. We can therefore rewrite (1) as
With this formalism defined, we arrive at the following definition for thermal conductivity,
This formulation differs from that of Yang et al. [19] in that it considers the grain boundary region to have a finite thickness, whereas their method attributes the grain boundary scattering to a thermal boundary conductance (i.e, the grain boundary is treated as an interface with zero thickness). This is an important distinction if the inter-grain thickness is of the same order of magnitude or larger than the grain diameter, in which case the two models will diverge. The thermal conductivity model presented here maintains a dependence on the inter-grain thickness, which could be important, for example, with nano composites and embedded particle systems. In the case that d >> d gb , the presented model reduces to the same form as that of Yang et al.. We now turn to the calculations of the intra-grain and inter-grain thermal conductivities, which are discussed in Sections 3 and 4 respectively.
INTRA-GRAIN THERMAL CONDUCTIVITY
The intra-grain thermal conductivity is calculated using the RTA solution to the BTE. The model developed for thermal conductivity by Callaway [11] and extended by Holland [12] is developed per polarization as
where the polarization index i = T (transverse), L(longitudinal);
The transverse branch is subsequently divided into a low and high frequency regime to better account for dispersion, and additional details can be found in the original manuscript [12] . Each constituent scattering mechanism is assumed to be independent and is combined using the Matthessian's rule [21] ,
This particular formulation of the BTE is chosen because it is the approach used to model the experimental data to which our new model is compared, except that our formation here will not include any grain boundary scattering terms as the grain boundary scattering contribution will be included through the inter-grain thermal conductivity in the effective medium approach. Following the work of Uma et al., the phonon-phonon scattering terms are taken directly from Holland [12] . Additionally, scattering from defects is treated as Rayleigh scattering [5] , taking the form
where ω is the phonon frequency, and A is a fitting parameter quantifying the number of defects. Finally, a film boundary scattering term is included and takes the form
where p(ω) is a value between 0 and 1 representing the probability of specular reflection from the layer boundary, v s is an average carrier velocity, and d is the characteristic sample dimension. A closed form expression for p(ω) is taken from Ziman [14] ,
where η is the root-mean-squared (rms) surface roughness and v s is taken as 2400 m/s for polysilicon [5] . Relevant parameters are documented in Table I for the samples which will be modeled. It should be noted that A, d layer , and η layer are fitting parameters taken from the models in the original manuscripts from which these samples came. Additional details may also be found there concerning the physical significance of these parameters in the context of expected microstructure and growth conditions.
INTER-GRAIN THERMAL CONDUCTIVITY
While there are numerous types of grain boundaries with various twist angles, dislocation schemes, and corresponding en- [22] , who concludes that silicon grain boundaries are primarily composed of regular line defects, including simple dislocations, partial dislocations, and stacking faults. However, while Seager notes that there is no distinct amorphous region at the precise grain boundary intersection, defects tend to migrate to the region immediately surrounding the grain boundary, adding to the claim that the region may be treated in a disordered limit. A similar treatment is used by Keblinski et al. [23] where the intergrain region is described as an amorphous grain-boundary film. Finally, we assume that properties in the inter-grain region are isotropic and homogenous.
The grain boundary contribution is included in Eq. 5 by combining a thermal conductivity for disordered solids with the average inter-grain length. In order to calculate the thermal conductivity of this region, k gb , we use a model presented by Hopkins and Piekos [24] and derived by Hopkins and Beechem [25] for the lower limit of phonon thermal conductivity in disordered solids. Building on the Cahill-Watson-Pohl (CWP) model [26] , this new formulation develops a minimum thermal conductivity assuming that the minimum scattering time is one-half the period of phonon vibration, where k gb can be calculated as:
where n is the atomic density, j is the polarization index, ω c int , j = ν j (6π 2 n) 1 3 , and ν j is an effective minimum carrier velocity. Figure 4 plots the conductance of silicon grain boundaries, defined as k gb /d gb , for varying lengths of the inter-grain region using the described lower limit thermal conductivity model. 
EXPERIMENTAL VALIDATION
The developed model is compared to doped and undoped experimental polysilicon data from the literature, where the intergrain length is used as a fitting parameter for some samples where characterization details of the inter-grain region length are not available. The purpose of this validation is to show not only that the model captures the correct temperature dependent trend in the thermal conductivity, but also to show that when characterization details are available, the contribution of grain boundary scattering may be included explicitly without the use of the fitting parameters normally used, as described in Section 3.
Undoped Polysilicon Films
The presented model is validated against undoped polysilicon data from 20 to 300 K presented by Uma et al. [6] . This allows for the same formulation of the BTE to be used as in their study, only with the grain boundary scattering term removed, and our analysis for grain boundary scattering included through the effective medium approach. Uma et al. present two samples, including one sample of as-grown polycrystalline silicon (sample A), and one sample of amorphous silicon, which underwent an annealing process resulting in recrystallization (sample B). The details of the sample growth process are documented in their manuscript and relevant modeling parameters are shown in Table I . It is important to note, however, that their growth processes result in two distinct microstructures. Sample A is nonhomogenous, resulting in columnar grains whose diameter increases as the grain grows perpendicular to the substrate. Sample B, however, contains random oriented grains due to recrystalliza- tion. An atomic force microscope image of sample A is used to calculate the length of the inter-grain disordered region, using the method described in Section 1, which is taken to be 7 nm. The inter-grain region of sample B is taken to be 5 nm, which in this case, must be a fitting parameter since no characterization of sample B is available in the original manuscript. In light of the growth conditions, we would expect sample B to have smaller and smoother grains with a smaller inter-grain length [1] . Using these values, our presented model is compared to the experimental values in Fig. 4 The model agrees well with experimental data, especially at low temperatures, where Uma et al. note that their model may underestimate the impact of grain-boundary scattering [6] . Additionally, the slight underprediction in sample A at higher temperatures is a common feature in polysilicon modeling [2, 5] , and is attributed to using the same defect parameter, A, which was taken directly from [6] .
Doped Polysilicon Films
To demonstrate the flexibility of this technique, we also compare the model to p-doped polysilicon film data from 20 to 300 K presented by McConnell et al. [5] . Samples 1 and 2 from their manuscript are modeled here using the same scattering times, only with the grain boundary scattering term removed, and our analysis for grain boundary scattering included through the effective medium approach. The inter-grain region of samples 1 and 2 are taken to be 2 nm and 5 nm respectively, which in this case, must be a fitting parameter since no characterization is provided. Again, the model shows good agreement with experimental data, which is compared in Fig. 6 and Fig. 7 .
CONCLUSION
The presented model demonstrates good agreement with polysilicon data for both random and non-homogenous grain structures as well as undoped and doped samples. This underscores the ability of the model to combine scattering mechanisms through an effective medium approach, where the flexibility of the BTE to include various scattering mechanisms and the added information from sample characterization can be coalesced into a single model with increased accuracy in predicting thermal conductivity. In conclusion, we will discuss several benefits that come with this approach along with its limitations.
(1) Where as grain boundaries are often considered as geometrically infinitesimally thin, this approach draws on characterization tools to include added information about the true spatial extent of the grain boundary region. Because characterization tools such as the scanning electron microscope produce indirect images from direct interaction with the sample, the resulting image contrast associated with grain boundaries can be used as a proxy for the extent of disorder. While this allows for additional information in the modeling process, this also makes the model sensitive to the accuracy of the information provided by various characterization techniques. Bisero [27] found that grain geometries may be over-or under-estimated depending on the sample preparation process, especially when polycrystalline silicon is subjected to a chemical etchant pretreatment. They found discrepancies between 20 and 50 % when comparing chemical etching to gold sputter coating. It is therefore important to consider the impact of sample preparation on the final grain structure to be imaged.
(2) The new method for including the contribution of grain boundaries through a lower limit thermal conductivity removes several assumptions and fitting parameters in the traditional boundary scattering time formation. An important term in the former scattering time is the probability of phonon reflection at a grain boundary, which is often modeled using a specular reflection expression (Eq. 13) assumed to depend most strongly on the root-mean-squared surface roughness (a fitting parameter) as well as the local density of defects near the grain boundary (assumptions about the defect and dopant density and accumulation at the boundary are required). Because this information is encompassed in the inter-grain thermal conductivity through a direct connection to the physically measurable average intergrain length, the mentioned fitting parameters are removed from the analysis in exchange for a more physically driven treatment of grain boundary scattering.
(3) While the presentation in this manuscript assumes isotropic and average properties, a similar approach for anistrotropic systems and varying grain geometries is also possible with simple extensions of this effective medium approach [28] . However, neither extension is necessary for the analysis of the polysilicon samples discussed in this manuscript.
(4) The inclusion of the BTE allows for wide application of this model to include any scattering mechanism for which an appropriate scattering time can be defined under the assumptions of the RTA. Therefore, while this study examines undoped and doped polysilicon data, additional scattering times may be included. This extends the applicability of the model to other polycrystalline materials as well, where the effective medium approach provides a means to coalesce different modeling methods with a more physical treatment of grain boundary scattering.
